Room-temperature (RT) continuous-wave (CW) operation of the 405-nm ridge-waveguide (RW)InGaN
Introduction
Diode lasers emitting radiation of wavelengths shorter than 500 nm were practically initiated in 1996 by Nakamura et al. [1] who reported the first blue-emitting InGaN/GaN diode lasers based on A III B V semiconductors. There have been, however, still some technological problems with manufacturing such nitride structures. The problems have been gradually overcome what has been strongly stimulated by extremely promising numerous application possibilities of blue and ultra-violet diode lasers in science, technology and various spheres of contemporary life. Hence, a continuous progress in technology and optimisation of nitride devices is still accelerated by a strong demand for reliable, cheap, compact and high-performance lasing devices emitting radiation in this part of a spectrum.
Future applications of nitride diode lasers are considerably limited by their insufficient thermal properties. For room-temperature (RT) continuous-wave (CW) operation, their very high active-region temperatures, as compared with those of other A III B V diode lasers, follows from their very high threshold currents, an intense heat generation within their volumes and problems with its efficient extraction towards their heat sinks. Therefore appropriate thermal optimisation of structures of nitride diode lasers, enabling their wide applications in new possible areas, is currently one of the most acute needs to be solved by laser designers.
But traditional trial and error methods in designing semiconductor devices have become obsolete in an era of personal computers. Much more efficient designing procedure is to use theoretical modelling of an operation of such devices and analysing an impact of some their structure modifications on an anticipated device performance.
The physics of nitride devices often differs significantly from the physics of other A III B V devices. In particular, it has been many times confirmed that expected behaviour of nitride diode lasers cannot be anticipated on the basis of known properties of other A III B V diode lasers. It may be, however, predicted using a detailed modelling of all physical phenomena taking place within volumes of nitride diode lasers and crucial for their operation taking into account all special features of nitride materials and nitride structures. Therefore the main goal of this paper is to examine, with the aid of the comprehensive three-dimensional (2D) fully self-consistent modelling of edge-emitting (in-plane) nitride diode lasers, an impact of their structure modifications on their performance to discover their optimised designs. In particular, heat generation within volumes of these devices and its extraction towards device heat sinks will be examined to find thermally optimised designs of nitride diode lasers. Besides, an impact of structure details of these devices on their efficiency, especially on an efficacy of confinements of a current spreading from device contacts towards its active region, carrier injection into the active region and electromagnetic radiation within a laser cavity, will be investigated.
The structure
Structures of edge-emitting nitride diode lasers are usually equipped with electrodes placed on the same device side. It is a direct consequence of very high electrical resistivity of sapphire (Al 2 O 3 ) used usually as a substrate material. Such structures require quite sophisticated and time-consuming processing which may additionally lead to the device damage and is definitely a reason of a considerable increase in a device cost. Besides, such a laser structure requires the p-side-up device configuration which is followed by heat-sinking problems deteriorating a device performance. The ridge-waveguide (RW) structure is usually used in these lasers creating an appropriate current-spreading confinement and, additionally, introducing a better wave-guiding effect than the proton implantation, which is followed by lower lasing thresholds and much lower active-region temperature increase. The main goal of the present work is to investigate an impact of structure details of the RW nitride diode laser on its lasing performance with the aid of the comprehensive self-consistent optical-electrical-thermal-recombination model of nitride edge-emitting diode lasers [2] .
The modern 405-nm InGaN/GaN RW laser structure reported by Kauer et al. [3] has been selected for this simulation (Fig. 1) . Contrary to usual structures of nitride diode lasers, the n-type GaN substrate material is used in this case instead of the sapphire one which enables application of the n-side titanium/aluminium bottom contact. This substrate is much more expensive than a sapphire one but it enables manufacturing nitride diode lasers of much better performance characteristics, especially, much better thermal properties. The 420-µm n-type GaN substrate has been highly doped with silicon (2×10 17 -3 ) . The 500-nm p-side cladding, as the n-side one, is manufactured from the Al 0.12 Ga 0.88 N/GaN superlattice doped this time with magnesium (3×10 17 cm -3 ). The highly doped with magnesium (1×10 18 cm -3 ) 20-nm GaN layer is deposited below the p-side nickel/gold contact. Different thicknesses h (100 nm to 400 nm) of the upper ridge created by etching and different ridge widths S (2.2 µm to 5.0 m) have been considered. SiO 2 has been applied to fill the etched area. Cu heat-sink of transversal sizes much larger than those of diode laser is assumed. The cavity sizes are assumed to be 1000 µm and 300 µm.
Model
The comprehensive three-dimensional (2D) optical-electrical-thermal-recombination self-consistent model [2] of the GaN-based edge-emitting diode lasers has been developed to investigate their threshold RT operation. The computer model consists of four interrelated parts:
• 2D scalar optical model describes, for successive radiation modes, their wavelengths and optical fields within the resonator. The model is based on the effective index method [4] . The lasing threshold is determined from the condition of the real propagation constant,
• finite-element (FE) electrical model [5, 6 ] characterizes both the current spreading (including carrier drift and diffusion processes) within the device volume between the top and the bottom contacts, the injection of both electrons and holes into the active region, their radial diffusion within it before their temperature-dependent monomolecular, bimolecular and Auger recombinations, and their possible over-barrier leakage from the active region,
• FE thermal model [7] gives details of heat generation (non-radiative recombination, re-absorption of radiation as well as the volume and the barrier Joule heating) and its spreading from the heat sources towards the heat sink and within it,
• recombination model [8] describing recombination processes within the QW active region, i.e., furnishing information about the optical gain process being a result of the radiative bimolecular recombination as well as about the both non-radiative monomolecular and the Auger recombinations. The above well-conducted theoretical approach allows an integration of various physical phenomena taking place within a diode laser and crucial for its RT CW operation with the aid of the self-consistent approach (Fig. 2) . All important, usually non-linear, interactions between the above physical phenomena are taken into account, including:
• thermal focusing, i.e., the temperature dependence of refractive indices,
• self-focusing, i.e., the carrier-concentration dependence of refractive indices,
• gain-induced wave-guiding, i.e., the temperature, carrier-concentration and wavelength dependences of the extinction coefficient,
• temperature and carrier-concentration dependences of thermal conductivities,
• temperature and carrier-concentration dependences of electrical conductivities,
• temperature, carrier-concentration, and wavelength dependences of optical gain and absorption coefficients,
• temperature and carrier-concentration dependences of the energy gaps. Accordingly, two-dimensional (2D) profiles of all model parameters within the whole device volume are determined not only at the beginning of the calculation algorithm on the basis of various chemical compositions of device structure layers but they are recalculated during each self-consistent loop taking into account current 2D profiles of the temperature, the current density, the carrier concentration and the mode radiation intensity. More details about the approach may be found in Refs. 2, 6, and 9.
Model parameters
Doping-and temperature-dependent values of electrical mobilities and carrier concentrations of Si-doped and Mg-doped GaN layers have been determined following the approach proposed in Ref. 10 on the basis of measurements reported by Kuramato et al. [11] and Götz et al. [12] and sometimes using empirical formulae proposed by Maaekowiak and Nakwaski [13] . 
Results
For the RW diode laser under consideration, parameters of the diode equations
have been found to match its experimental current-voltage characteristics reported in Ref.
3. In the above Eq. (6), j pn is the p-n junction current density, j s stands for the reverse saturation current density, b pn is the shape factor, and DV pn is the p-n junction voltage drop. For the nominal RW laser structure ( Fig. 1) 2 , and DV pn = 3.06 V extracted from the above experimental characteristics. Thermal resistance of a diode laser is considerably dependent on a distance of its main heat sources from its heat sink. Figures 3 and 4 present axial temperature plots within the nominal RW diode lasers mounted p-side up and down, respectively, to the laser heat sink for their RT CW threshold operations. In the first laser configuration, shown in Fig. 1 , the heat flux generated within the active region is transported throughout a whole laser structure, including very thick n-type GaN substrate, towards a bottom device heat sink. Then, the highest temperature increase over the RT = 300 K temperature of the ambient within the active region is as high as nearly 68°C (Fig. 3) . Besides, heat-flux spreading is practically one-dimensional along the device axis directly towards the bottom heat sink, heat flow in the opposite direction is insignificant. On the opposite, in the case of the p-side down laser configuration, the active-region temperature increase (Fig. 4) is considerably lower and equal to only 24°C. Furthermore, the heat flux flowing along the laser axis towards the bottom heat sink is only somewhat higher than that towards the upper substrate. Besides a distinctly two-dimensional heat-flux spreading may be observed, the initially axial heat flux flowing through the substrate in the direction opposite to the heat sink must gradually turn back to reach the bottom heat sink in regions far from the laser axis, which considerably increases efficiency of the heat extraction from the active region. For both the above laser mounting arrangements, i.e., the p-side up and down configurations, the thermal resistances are equal to 110 K/W and only 27 K/W, respectively. Hence, the mounting configuration (p-side up or down) has been found to have a crucial impact on the diode laser thermal properties.
A proper operation of a diode laser depends on efficient confinements of the current spreading between both the electric contacts and the active region, the carrier confinement within the active region and the confinement of the electromagnetic radiation within the laser cavity in a way leading to a high efficiency of an energy exchange between carriers and the field. For all the above phenomena in the considered RW laser structure, designing details of the ridge are very important. Figure 5 presents profiles of the threshold current density j th injected into the active region as a function of the distance x from the laser axis for the standard ridge width of 2.2 µm and its various heights h. As one can see, the current-density profiles are of the desired bell-like form which is very profitable for excitation of centrally located fundamental lateral mode. Besides, the threshold current density is gradually reduced with an increase in the ridge height which is definitely a consequence of better confinement of the radiation field within the active region. For the central point of the active region (x = 0), a threshold reduction for h increasing from 100 nm to 400 nm is as high as 0.5 kA/cm 2 . Analogous plots of the threshold current density j th determined for the ridge height of 400 nm and various ridge widths S are shown in Fig. 6 . As expected, the threshold current density is increasing with an increase in the ridge width, but surprisingly this increase is practically insignificant. For wider ridges, a very uniform current density is seen in the quite wide central part of the active region. Figure 7 presents far-field patterns of the emitted radiation beam determined for the p-n junction plane and perpendicular to it, both similar to the bell shape. Not surprisingly, divergence of the beam in the plane perpendicular to the p-n junction is much larger because of diffraction. Its full width at half maximum (FWHM) is as high as 26°, whereas, in the p-n junction plane, it is reduced to only 3.1°.
Confinement of the radiation field in the lateral direction for the 405-nm RW diode laser under consideration of the standard ridge width S = 2.2 µm and its various heights h is illustrated in Fig. 8 . The figure presents near-field patterns of the emitted radiation beam as a function of the distance x from the laser axis. As expected, too low ridge structure does not enable an efficient field confinement. The field is penetrating passive lateral areas on both sides of the ridge to a considerable extent, increasing RT CW lasing threshold. An impact of the ridge sizes on the laser RT CW threshold parameters is summarized in Table 1 . As one can see, the best RT CW performance exhibits the RW laser with the relatively narrow and high ridge. Wider ridges enable obtaining higher output powers but the active-region temperature is dramatically increased, which deteriorates laser performance. For the structure under consideration, the lowest threshold current density of 5.75 kA/cm 2 has been determined for the 2. perature increase was as low as only 24 K over the roomtemperature of the ambient. For the wider 5-m ridge, this increase is twice higher. An impact of etching depth is more essential for narrower ridges. Quite high values (between 120 and 140 K) of the characteristic parameter T 0 convince very good thermal properties of the above RW laser structure. The higher T 0 , the slower is increase in the lasing threshold with temperature.
Conclusions
A proper diode-laser operation strongly depends on an efficiency of confinements of both carriers (electrons and holes) within a laser active region and radiation field within its optical cavity. These effects become especially essential in case of devices emitted the greater power of the radiation. Insufficient confinements are followed by a higher lasing threshold which generates an increase in temperature again increasing the threshold and so on. In the paper, a structure optimisation of the 405-nm ridge-waveguide InGaN/GaN diode laser equipped with the n-type GaN substrate (instead of a usual sapphire one) and two n-side and p-side contacts on both sides of the laser structure have been carried out. The optimisation has been performed with the aid of a comprehensive self-consistent simulation to reduce its room-temperature continuous-wave lasing threshold. The mounting configuration (p-side up or down) has been found to have a crucial impact on the diode laser thermal properties. For the RT CW threshold operation of the otherwise identical laser structures, the p-side up RW laser exhibits as high as nearly 68°C maximal active-region temperature increase over the RT temperature of the ambient whereas an analogous increase for the p-side down laser was equal to only 24°C. The best RT CW performance (i.e., the lowest threshold current density of only 5.75 kA/cm 2 ) has been found for the RW laser with the relatively narrow (S = 2.2 µm) and high (h = 400 nm) ridge. Wider ridges enable obtaining higher output powers but the active-region temperature is dramatically increased, which deteriorates RT CW laser performance. Some performance improvements may be expected in the case of a better lateral confinement of the radiation field as it is accomplished in arsenide lasers by native oxides.
Unfortunately, similar technology is not known for nitrides. Another possible solution may be associated with properly applied photonic crystals. However, it requires some additional troublesome technology steps. Besides, a photonic crystal may drastically disturb current spreading between electric contacts and the centrally located active region. Moreover, it will reduce efficiency of extraction of a heat flux from the active region leading to an increase in the device thermal resistance. Therefore, currently a significant further improvement in a performance of blue-emitting RW nitride diode lasers may be expected only with the aid of an active cooling by the Peltier element or by an increase in the heat-flux extraction achieved by a cooling liquid flowing in special channels in a laser heat-sink close to the active region. Table 1 . RT CW threshold parameters (the maximal active-region temperature T max at a threshold, the threshold current I th and the maximal threshold current density j th,max ) of the 405-nm RW diode laser under consideration for various widths S and heights h of its ridge. T 0 is the characteristic temperature describing a temperature dependence of the lasing threshold current. 
